Zirconia femoral heads retrieved from patients after different implantation periods (up to 13 years) were analysed using vertical scanning interferometry, atomic force microscopy and Raman microspectroscopy. A range of topographical and compositional changes on the surface of the retrievals are reported in this work. The study revealed that changes in roughness are the result of a combination of factors, i.e. scratching, surface upheaval due to transformation to the monoclinic phase and grain pull-out. Clusters of transformed monoclinic grains were observed on heads implanted for more than 3 years. The phase composition of these clusters was confirmed by Raman microspectroscopy. Increased abrasive wear and a higher monoclinic phase content concentrated on the pole of the femoral heads, confirming that the tetragonal to monoclinic phase transformation was not only induced by the tetragonal phase metastability and environmental conditions but mechanical and tribological factors, also affected the transformation kinetics. Additionally, the head implanted for 13 years showed evidence of a self-polishing mechanism leading to a considerable smoothening of the surface. These observations provide an insight into the interrelated mechanisms underlying the wear and transformation process on zirconia ceramics during implantation.
Introduction
The interest in zirconia for load bearing applications can be traced back to 1975 when Garvie et al. (1975) described it as "ceramic steel" due to the transformation toughening mechanism that conferred the material outstanding fracture toughness amongst ceramics. In the mideighties, zirconia ceramics were introduced to the orthopaedic prostheses market as a promising alternative to the well established alumina femoral heads for total hip replacement (Christel et al., 1988) . It was expected that zirconia, with two to three times higher flexural strength than alumina, would be an improvement on the higher fracture incidence of the alumina implants (Clarke et al., 2003; Piconi et al., 2003) . However, even though some reports indicated that zirconia exhibited an exceptionally low fracture incidence of 0.002% (i.e. 1:46,000), other zirconia heads produced by the same manufacturer had a disastrous performance (Clarke et al., 2003) . In 2001, more than 350 zirconia femoral heads from St. Gobain Desmarquest (France) were retrieved from patients due to an unexpectedly high fracture rate (Chevalier, 2006; Chevalier et al., 2007; FDA, 2001) . The company named an external scientific advisory committee intended to understand the failure causes. They concluded that the combination of a new sintering process in a tunnel furnace and the subsequent machining operations yielded a more unstable surface prone to the accelerated transformation that caused the fractures (Clarke et al., 2003) .
In order to address the complexity of the accelerated transformation, the crystallographic properties of zirconia must be considered. The manufacture of zirconia components requires high temperature treatments and, during cooling, the crystalline structure changes from cubic to tetragonal to monoclinic symmetry. The tetragonal to monoclinic phase transformation (at approximately 1170°C) is associated with a volume expansion (~4%) that produces extensive microcracking rendering the component useless for any load bearing application. Therefore, the tetragonal phase is stabilized to room temperature by the addition of dopant oxides, such as yttria, magnesia or ceria. However, this tetragonal phase is metastable. This means that under certain conditions it will tend to transform to the more stable monoclinic polymorph. Extensive research has been carried out to understand the mechanisms that control this transformation. It is known that the tetragonal to monoclinic phase transformation (hereafter tїm) is largely related to the presence of water, but also to elevated temperatures, residual stress, grain size, surface roughness, pressure, lubrication and mechanical trauma, amongst others (Brown et al. 2007; Chevalier, 2006; Chevalier et al., 2006; Fukatsu et al. 2009; Lawson, 1995; Masonis et al., 2004) .
As highlighted by Clarke et al. (2003) and Chevalier (2006) , the behaviour of zirconia ceramics is complicated to describe and thus commonly misunderstood due to the numerous variables that influence its performance. The purpose of the present study is to provide further insight into the interlinking effects of wear and transformation on the coupling surface of zirconia femoral heads by systematically characterizing retrieved implants using high resolution, fast and non-destructive techniques.
Materials and Methods
Seventeen retrieved and one unused 22-mm zirconia femoral heads manufactured by Norton Desmarquest (France) were used on this study. The heads were coupled with polyethylene acetabular cups. None of the implants belonged to the batches included in the product recall after the 2001 failure event. Tables 1 and 2 present a summary of the information available on the retrieval cases. Note that, when known, the reason for retrieval was not related to femoral head fracture. The retrieved heads were analysed using a vertical scanning interferometer (VSI) through a 50x objective in Mirau assembly with white light illumination (Contour GT, Veeco Instruments Inc., USA). The spherical form was removed from images before statistical analysis using the software provided with the interferometer.
Additional high resolution imaging was carried out with atomic force microscopy (Nanoscope IIIA, Veeco Instruments Inc., USA) in contact mode with silicon nitride probes.
Images were acquired at a scan rate of 0.5 Hz with a resolution of 512 samples per line and a scan area of 20x20 μm. Image analysis and manipulation were done with the software provided with the equipment (Nanoscope Analysis v1.2, Veeco Instruments Inc., USA).
The compositional analysis was undertaken using Raman microspectroscopy (LabRam HR, Joriba Jobin Yvon, France) with a 532 nm line of HeNe laser through a x50 objective. Spectra were recorded from 100 to 900 cm -1 at 1 accumulation of 5 s per point. Commercially available software (LabSpec, Japan) was used to quantify the integrated intensities (I) of the selected isolated bands characteristic of the tetragonal (142 and 256 cm -1 ) and monoclinic (179 and 190 cm -1 ) polymorphs. This information was used to calculate the monoclinic phase fraction (f m ) using the approach described by Clarke and Adar (1982) 3. Results Figure 1 shows a selection of VSI images of the pole of the retrieved femoral heads after different implantation periods ranging from 0 to 13 years. The surface of the unused implant shows scratches, which most likely were introduced during the manufacturing process. The images suggest that during the first 5 years new deeper multidirectional scratches are formed leading to an increase in surface roughness. The higher concentration of scratches on the top of the head (Figure 2 ) indicates that the abrasion occurred during operation of the implant by comparison with the unused implant. Further validation would require the analysis of the wear counterpart, i.e. the acetabular cup, and information of the surface topography before implantation. The scratches on the heads implanted for 1 to 5 years are significantly deeper and wider than those observed on the other cases ( Figure 3 ). At longer implantation periods the average size of the scratches is similar to that on the unused head except for the longest term implant (12 years 8 months) in which there is minimal scratching. This observation indicates that a self-polishing mechanism might have taken place.
The decrease in the extent of the scratching coincided with the first detection of the monoclinic phase formation by VSI. The brighter areas on the VSI images correspond to the surface upheaval resulting from the volume expansion associated with the tĺm transformation. Initially the tĺm transformation creates small isolated clusters of monoclinic grains that slightly protrude from the surface. The first monoclinic clusters were observed on the pole of the head, correlating with the higher concentration of scratches on earlier retrievals. As implantation time increased, the number and size of monoclinic clusters increased. The tĺm transformation propagated autocatalytically enlarging the size of the existing monoclinic clusters while the formation of new monoclinic nuclei occurred on untransformed areas. Eventually, the whole surface was covered with monoclinic phase, as shown in Figure 1e . Figure 4 gives the monoclinic phase surface fraction, calculated from Raman microspectroscopy spectra, plotted against implantation period. Even though each retrieved head represents unique "experimental" conditions, it is possible to infer from the graph a sigmoidal trend characteristic of nucleation and growth mechanisms. The monoclinic phase is first detected by Raman microspectroscopy on heads implanted for 3 and 5 years, in line with the small amount of isolated monoclinic clusters observed by VSI. The intensity of the monoclinic phase Raman signal increases until reaching a maximum on the heads implanted for 12-13 years. At this stage, the monoclinic clusters have coalesced and covered the surface at the pole and equator and most of the lower hemisphere of the femoral head ( Figure 2 ). Additionally, grain boundary microcracking and grain pull out is observed after the longer implantation periods.
The three kinds of surface features observed, i.e. scratches, upheaval due to monoclinic phase formation and grain pull-out, have an effect on the topographical measurements (Figure 2 ). Heads retrieved earlier than 5 years showed a continuous increase in roughness with implantation time associated with the formation of scratches. The increase in monoclinic clusters was associated with an initial decrease in roughness. However, the roughness increased again as more monoclinic clusters grew on the surface. Finally, a decrease in roughness was observed on heads implanted >12 years. For example, a roughness of 16-19 nm was measured on the surface of the heads implanted for 1, 8 and 12 years. From the VSI and AFM images it is evident that the same roughness value results from very different topological characteristics. Thus, it is important to utilize other statistical measurements, such as skewness and kurtosis, to fully describe the surface (Hall et al., 1996 , Pezzotti et al. 2011 . Skewness (Ssk) is a measure of the symmetry of the surface heights about the mean plane. Ssk>0 indicates a surface where peaks predominate over valleys. The opposite is true in a surface with Ssk<0. Kurtosis (Sku) is an indicator of the presence of inordinately high peaks or low valleys (Sku>3). If the surface heights follow a Gaussian distribution, then Ssk=0 and Sku=3. Figure 5 shows plots of surface roughness (Sa), skewness (Ssk) and kurtosis (Sku) against implanted period. In the present study, scratches and pores are described as valleys and monoclinic clusters as peaks. The unused head shows the lowest roughness Sa=12 nm, Ssk §0 and Sku §3. These values describe a relatively smooth surface where neither peaks nor valleys prevail. The heads retrieved between 0 and 5 years have increasingly rougher surfaces (from 12 nm to 42 nm). At the same time, the skewness value decreases indicating that valleys were the predominating feature on the surface. The high kurtosis also confirms that there is a large incidence of inordinately low valleys, in agreement with the observation of deep scratches on the surface. The nucleation of monoclinic phase and the associated volume expansion creates peaks on the surface (i.e. monoclinic clusters). Rather than roughen the surface, the initial formation of monoclinic clusters results in a roughness decrease. Low positive skewness and kurtosis just above 3 indicate that the surface is slightly dominated by monoclinic clusters but these peaks were not significantly higher than the mean surface. With the growth of more monoclinic clusters, lower skewness and kurtosis values were observed in association to increased roughness. Comparing the unused head and the 11 years retrieval, similar skewness and kurtosis values were observed as well as significant roughening. This is explained by the increasing height difference between the lowest and highest points on the surface, averaging out higher roughness values. The final topography change observed is a considerable surface smoothening and simultaneous grain pull-out as observed on the head retrieved after 12 years and 8 months. The smoothening reached such an extent that allowed resolving grain boundaries by AFM (Figure 3c ). In this case, the skewness is negative meaning that valleys predominate over peaks, and the considerably large kurtosis indicates infrequent but extreme deviations from the mean. As observed in Figure 3c , these parameters describe an area with a few pores on an otherwise smooth surface.
Discussion
The overall in vivo wear and transformation process on the zirconia femoral heads studied can be described as three overlapping and interrelated stages: 1) surface scratching, 2) nucleation and growth of monoclinic phase, and 3) surface smoothening. It is assumed that the surface scratches were not present before implantation and were not introduced during handling and surgery. Thus, they were caused by hard particles entrapped in the interface between the head and the acetabular cup. Previously, the origin of such hard particles has been traced back to the polishing material used on the head manufacture (e.g. alumina) (Bohler et al,. 2002; Reinisch et al., 2003) to ceramic debris produced by head wear (Hasegawa et al., 2011) and to PMMA cement (Hall et al. 1996; Howie et al., 2005) . The particles either embed in the polyethylene cup or roll loose in the articular interface (Hasegawa et al., 2011; Wang and Essner, 2001) . In this abrasive wear situation, removal of material can occur by ploughing and wedge formation (Bhushan, 1999; Lee et al., 2009) . Figure 3b evidences the formation of a ridge along the groove (i.e. ploughing) and the accumulation of removed material as a wedge at the end of the scratch. These ridges and wedges flatten and eventually fracture with continued load and unload cycles (Bhushan, 1999) . This is in agreement with the observation of shallower and ridge-less scratches on the late retrievals (Figures 1 and 3) . A second source of debris is the grain pull-out produced by wear and intensified by the intergranular fracture resulting from the tĺm phase transformation. If fine wear debris (<1 μm) circulates on the sliding interface, it can contribute to self-polishing of the surface (Denape and Lamon, 1990) as observed on the surface of the head retrieved after 12 years 8 months. In vivo self-polishing has been investigated for metals (Joyce et al., 2011) but there are only a few mentions of the phenomenon on ceramic prostheses (Cales, 2000; Shishido et al., 2006) .
The behaviour of the tĺm transformation followed by Raman microspectroscopy can be fitted by the Mehl-Avrami-Johnson laws of nucleation and growth mechanisms (Chevalier et al., 2007; Christian, 1975) . This model denotes that the formation of monoclinic phase nuclei begins with an apparent incubation time followed by a period of growth driven transformation until saturation is reached. The incubation period might be an artefact of the limited sensitivity of the characterization technique being used. In the present study, the monoclinic phase doublet in the Raman spectra (179 and 190 cm -1 ) can be resolved on the analysis of heads implanted for 3 and 5 years, but only few isolated monoclinic clusters were seen by VSI on the head implanted for 3 years. However, the sensitivity of these techniques is inadequate to detect the early stages of phase transformation, and therefore the apparent incubation time may just be that the extent of transformation was below the detection limit of Raman spectroscopy or VSI. The surface monoclinic fraction on the heads implanted for 12-13 years was approximately 35%. This is comparable with the monoclinic fraction associated with nucleation saturation on in vitro (130°C in water steam) degraded 3Y-TZP ceramics reported by Chevalier et al. (2007) . This means that from this point onwards the tĺm transformation is driven predominantly by growth and since the surface is already covered by monoclinic phase (Figure 1 ), the transformation propagates from the surface into the bulk of the material given a continued exposure to water. Moreover, the transformation generates a region of accumulated compressive stresses in the surroundings of transformed monoclinic grains. The stress is relieved through grain boundary microcracking and results in grain pull out as observed on Figure 3c and 3d. This is consistent with laboratory based studies of hydrothermal degradation mechanisms in zirconia in pressurised water at 180 º C (NogiwaValdez and Rainforth, 2009; Nogiwa-Valdez et al., 2013) .
It is not possible to independently describe the wear process without considering the phase transformation since they are closely interrelated, particularly in in vivo scenarios. As the surface undergoes physical deformation, the chemical structure of the material also changes.
While the tĺm transformation is notably induced by the presence of water, other factors have been found to play an important role, including temperature, severe mechanical trauma, loading, lubrication, friction and manufacturing route (Brown et al., 2007; Chevalier et al., 2007) . The results in the present study show that the tĺm transformation initiates in the load bearing areas around the pole of the femoral head. Longer implantation periods allow the monoclinic phase to nucleate and grow also in low load bearing areas (Figure 2 ). The head pole is also the area where tribological effects are intensified. This zone exhibited the highest concentration of scratches and was also the first area to present smoothing. Moreover, it is possible that the self-polishing mechanism is aided by the grains pulled out after transformation induced grain boundary microcracking. Thus, in addition to the inherent metastability of the tetragonal phase and the environmental conditions, also the inclusion of mechanical and tribological factors influences the tĺm transformation. However, it is interesting to note that the the explants from 12 years 8 months and 13 years, which showed the highest surface monoclinic zirconia contents, exhibited the smoothest surfaces (Figures 4 and 5). AFM (Figure 3 b) showed that the grain structure could be seen, suggesting an etching effect. This is similar to observations on alumina zirconia composites, which is believed to be associated with a tribochemical effect, which can in itself result in significant wear rates (Ma and Rainforth, 2012) .
Conclusions
1) Examination of retrieved zirconia femoral heads implanted for 1-13 years shows simultaneous damage from wear and phase transformation, the extent of which depended on implantation time. 2) Phase transformation of tetragonal to monoclinic zirconia was first observed after 3 years implantation, occurring primarily at the pole of the head. The amount of transformation followed an approximately sigmoidal behaviour with a peak of 38% observed from the head retrieved after 12 years 8 months. This suggests that transformation kinetics are similar to that observed from accelerated in vitro investigations. 3) For the first five years, the majority of surface damage arose from abrasion, resulting in more widespread surface scratching. A peak in surface roughness (combined with marked skewness and kurtosis) was observed for the implant retrieved after 5 years 1 month. 4) The head retrieved after 6 years 11 months exhibited a roughness similar to that of the unused implant, although the surface was different as a result of transformation of tetragonal to monoclinic zirconia in the explanted head. The roughness increased in implants with greater life up to a maximum at 11 years. This roughness was associated with a greater amount of transformation of tetragonal to monoclinic zirconia that caused surface uplift. Surprisingly, the explants from 12 years 8 months and 13 years, which showed the highest surface monoclinic zirconia contents, exhibited the smoothest surfaces. AFM demonstrated that the grain structure could be revealed, suggesting some chemical aspect to the wear. 
